Background: BCO2 converts xanthophylls in rodents, but it is controversial whether this role is conserved in primates. Results: Recombinant primate BCO2 displays enzymatic activity and is expressed as an oxidative stress-induced mitochondrial protein.
A family of enzymes collectively referred to as carotenoid cleavage oxygenases is responsible for oxidative conversion of carotenoids into apocarotenoids, including retinoids (vitamin A and its derivatives). A member of this family, the ␤-carotene 9,10-dioxygenase (BCO2), converts xanthophylls to rosafluene and ionones. Animals deficient in BCO2 highlight the critical role of the enzyme in carotenoid clearance as accumulation of these compounds occur in tissues. Inactivation of the enzyme by a four-amino acid-long insertion has recently been proposed to underlie xanthophyll concentration in the macula of the primate retina. Here, we focused on comparing the properties of primate and murine BCO2s. We demonstrate that the enzymes display a conserved structural fold and subcellular localization. Low temperature expression and detergent choice significantly affected binding and turnover rates of the recombinant enzymes with various xanthophyll substrates, including the unique macula pigment meso-zeaxanthin. Mice with genetically disrupted carotenoid cleavage oxygenases displayed adipose tissue rather than eye-specific accumulation of supplemented carotenoids. Studies in a human hepatic cell line revealed that BCO2 is expressed as an oxidative stress-induced gene. Our studies provide evidence that the enzymatic function of BCO2 is conserved in primates and link regulation of BCO2 gene expression with oxidative stress that can be caused by excessive carotenoid supplementation.
Carotenoids, a class of isoprenoid lipids, affect a rich variety of physiological functions in nature and are crucial for human health (1) . For instance, the carotenoids zeaxanthin, lutein, and meso-zeaxanthin accumulate in high concentrations in the primate retina (2) where these macular pigments (MPs) 2 lessen chromatic aberration and filter phototoxic blue light. Certain carotenoids also are the major dietary source for retinoids, which encompass all derivatives of vitamin A (all-trans-retinol) (3) . These carotenoid derivatives exert vital physiological functions as visual chromophore (11-cis-retinal) (4) and vitamin A hormone (all-trans-retinoic acid) (5) .
There is interest to enhance macular pigment levels because of emerging evidence that these compounds are beneficial to eye health (6) . In general, a relatively linear increment of xanthophyll plasma levels is achieved during supplementation and that eventually reaches a plateau. Additionally, the density and concentration of macular carotenoids vary more than 10-fold among individuals (7) . Moreover, plasma and tissue levels of xanthophylls may decline in certain disease states that are associated with oxidative stress such as cardiovascular disease and certain forms of cancer (6) . However, the mechanism(s) that controls plasma and tissue levels of these compounds remains to be defined.
Genetic studies in animals suggest that the ␤-carotene 9,10-dioxygenase (BCO2) plays a critical role in controlling carotenoid tissue levels and preventing excess accumulation of these compounds. Eriksson et al. (8) associated the yellow skin (carotenoids) in domesticated chickens with regulatory mutations that inhibit expression of the BCO2 enzyme in skin. In sheep, the yellow fat phenotype is caused by mutations in the BCO2 gene, and a null mutation in the bovine BCO2 gene causes a change in the ␤-carotene content in the cow's milk (9, 10) . Similarly, genetic disruption of BCO2 function in mice results in increased plasma and blood accumulation of these dietary pigments. Prolonged carotenoid supplementation of Bco2 knockout mice caused oxidative stress in tissues and the induction of stress-associated signaling pathways. In wild-type animals, a 7-fold increase in Bco2 mRNA expression averted this scenario (11) .
For humans, conflicting results are reported in the literature on whether the function of BCO2 was conserved during evolution (12, 13) . A major drawback of a rigorous biochemical analysis of this enzyme is the lack of methodology allowing for expression of recombinant BCO2s in active forms. Additionally, little is known about the regulation of BCO2 gene expression, although the protein is differentially expressed in various human tissues (14) . Hence, we have established novel methods and tools to enzymatically characterize BCO2s from different mammalian species. Additionally, we utilized human cell lines and mouse models, respectively, to study the transcriptional regulation and function of this protein in carotenoid homeostasis of blood and tissues. The picture that emerges verifies the critical role that BCO2s play in this process and indicates that oxidative stress in chronic disease induces BCO2 and carotenoid breakdown in tissues and blood.
Experimental Procedures
Three-dimensional Structure Models-All protein models were prepared through the fully automated protein structure homology-modeling server SWISS-MODEL using retinal pigment epithelium protein of 65 kDa (RPE65) (Protein Data Bank code 4F2Z) as their template (15) . Amino acids 109 -126, which were not present in the deposited coordinates, were modeled in an ␣-helical conformation in accordance with the experimental electron density map. Molecular graphics and analyses were performed with the UCSF Chimera package (16) .
Plasmid Constructs for Bacterial and Eukaryote ExpressionTotal RNA prepared according to Mustafi et al. (17) was a gift from Dr. Brian Kevany. Total RNA was isolated from ϳ50 mg of fixed tissue using the RNAeasy Mini kit (Qiagen) and stored at Ϫ80°C. 1 g of total RNA was reverse transcribed with the SuperScript One-Step RT-PCR for Long Templates system. This cDNA library was used to amplify truncated macaque BCO2 with the following primers: 5Ј-GCC ATC TTT GGG CAG TGT CGG-3Ј (forward) and 5Ј-TTA GAT GGG TAT GAA GGT ACC ATG G-3Ј (reverse). This set of primers included the addition of a stop codon. To amplify fulllength macaque BCO2 (MaBCO2) cDNA encoding the NP_001271880 variant of MaBCO2 with an N-terminal extension, the following PCR was carried out using the forward primer 5Ј-AAG GAG GAA TAA ACC-3Ј and the reverse primer 5Ј-GAT GGG TAT GAA GGT ACC ATG GAA TCC-3Ј. The amplified macaque BCO2 cDNAs were then cloned inframe into pBAD TOPO TA (Invitrogen) for bacterial expression and pcDNA3.1/V5-His TOPO (Invitrogen) for eukaryote expression. All PCRs were carried out with the Expanded High Fidelity PCR system (Roche Applied Science). All plasmid constructs were verified by sequence analysis (Genomics Core Sequencing Facility, Case Western Reserve University, Cleveland, OH).
Transient Transfection and Immunofluorescence-HepG2 cells (American Type Culture Collection) were transiently transfected with corresponding vectors carrying the various amplified BCO2 cDNA isoforms of murine, human, and macaque. All transfections and immunofluorescence were performed as described previously (13) . HepG2 cells (American Type Culture Collection) were maintained in DMEM with 10% FBS and 10 units/ml penicillin-streptomycin antibiotics at 37°C with 5% CO 2 . For immunofluorescence, HepG2 cells were grown on polylysine-treated glass coverslips to 50 -70% confluence and then transfected with purified plasmid DNA using X-tremeGENE HP (Roche Applied Science) transfection reagent. 24 h post-transfection, cells were fixed in a solution of 10% formalin phosphate in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO4, and 1.4 mM KH 2 PO 4 , pH 7.4; PBS) overnight at 4°C. Afterward, cells were washed and permeabilized with 0.1% Triton X-100 (Roche Applied Science) in PBS (PBS-T) and blocked with 10% bovine albumin and 5% goat serum (Sigma Life Science) in PBS-T (blocking buffer). Cells were then incubated overnight at 4°C in blocking buffer containing a mouse anti-V5 serum (to detect BCO2; Invitrogen) and rabbit anti-cytochrome c oxidase subunit IV serum (Cell Signaling Technology, Boston, MA) diluted 1:200. Then cells were washed and incubated at room temperature with anti-mouse and anti-rabbit secondary antibodies conjugated to Alexa Fluor 594 and Alexa Flour 488 (Life Technologies), respectively, diluted 1:400 in blocking buffer. DAPI was used to stain nuclei. Confocal images were acquired with a Zeiss LSM 510 META laser scanning confocal microscope (Carl Zeiss MicroImaging, Jena, Germany) by using a multiline argon laser (excitation, 488 and 594 nm) or a 405 diode laser (excitation, 405 nm) with a 63ϫ C-Apochromat (numerical aperture, 1.2; oil objective).
Expression of Murine and Macaque BCO2 in E. coli-Protein expression was performed as described (18) with some modifications. BL21(DE3) competent Escherichia coli (New England BioLabs, Ipswich, MA) were transformed with the expression vectors for full-length and truncated macaque BCO2 as described above. These bacterial cells were also transformed with the expression vectors for murine BCO2 as reported previously (1). Bacteria were grown at room temperature with constant shaking at 200 rpm until an A 600 of 0.4 was reached. Protein expression was induced with L-arabinose at a final concentration of 0.02%. At the point of induction, FeSO 4 and ascorbic acid were added to a final concentration of 5 M and 10 mM, respectively, and the temperature was decreased to 10°C. Protein expression was allowed to proceed for 2 days, cells were then collected by centrifugation at 4500 ϫ g for 15 min, and cell pellets were stored at Ϫ80°C until needed or immediately submitted for in vitro enzyme assays.
Purification and Quantification of BCO2-Cell pellets obtained from the procedure as described above were thawed on ice. Cells pellets were resuspended in buffer containing 20 mM Tricine, pH 7.5, 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP/HCl) (Hampton Research) and one cOmplete EDTA-free protease inhibitor mixture tablet (Roche Applied Science) at 4 ml/g. Lysis was performed by three passages on a cold French press while collecting lysates on iced tubes. The cell lysate was then subjected to centrifugation at 100,000 ϫ g at 4°C for 30 min. The supernatant was collected, transferred to 50-ml tubes, and kept on ice. Then it was loaded onto a 10-ml column containing 1.5 ml of Talon Co 2ϩ -resin BCO2 and Xanthophylls OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 suspension (Clontech) pre-equilibrated with 5 column volumes of ice cold buffer containing 250 mM NaCl, 20 mM Tricine, pH 7.5, and 1 mM TCEP. After flow-through collection, the Talon column was first washed with 5 column volumes of ice-cold buffer containing 250 mM NaCl, 20 mM Tricine, pH 7.5, and 1 mM TCEP and then with 5 column volumes of buffer containing 250 mM NaCl, 20 mM Tricine, pH 7.5, 1 mM TCEP, and 1 mM imidazole. Finally, BCO2 was eluted in ice-cold buffer containing 250 mM NaCl, 20 mM Tricine, pH 7.5, 1 mM TCEP, and either 5 or 50 mM imidazole. Eluted BCO2 fractions were pooled and concentrated in a 30,000-molecular weight cutoff Amicon Ultra Centrifugal Filter (Millipore) before being loaded onto a Superdex TM 200 10/300 GL size exclusion column (GE Healthcare). Enzyme fractions were eluted from the column in 0.5-ml fractions at a flow rate of 0.4 ml/min with buffer containing 100 mM NaCl, 20 mM Tricine, pH 7.5, and 1 mM TCEP. Fractions containing purified enzyme were then pooled, concentrated to desired concentrations in a 30,000-molecular weight cutoff Amicon Ultra Centrifugal Filter and stored on ice until further use. Western blotting of this purified enzyme at varying concentrations was run concurrently with Talon Co 2ϩ -purified murine and primate BCO2s for quantification. Quantification of expressed BCO2 protein was performed using ImageJ and the known concentrations of the purified standards as well as with Bradford (53) assays.
In Vitro Enzyme Activity Assay-Cell pellets were thawed on ice, and their net weight was determined. Lysing reagent was prepared by combining 50 ml of B-PER Bacterial Protein Extraction Reagent (Life Technologies) with one protease inhibitor cOmplete ULTRA Mini EDTA-free tablet and final concentrations of 2 mM ascorbic acid solution (Sigma Life Science), 1 mM TCEP (Thermo Scientific, Rockford, IL), and 20 units of recombinant, RNase-free DNase I. To lyse cells and solubilize recombinant proteins, 4 ml of lysing reagent/g of bacterial pellet was used. Cell pellets were gently vortexed with lysing reagent and allowed to incubate at room temperature for 10 min. The cell lysate was then cooled on ice and subjected to centrifugation at 100,000 ϫ g at 4°C for 30 min for the purpose of Western blotting analysis. For enzymatic activity assays, whole cell lysates were used, and assays were carried out as previously described (19, 20) but with the following modifications. 2, 2-Dioctylpropane-1,3-bis-␤-D-maltopyranoside (decyl maltose neopentyl glycol (DMN)) micelles loaded with zeaxanthin were prepared as follows. 33 l of 3% DMN detergent solution was mixed with 10 M (final concentration) of zeaxanthin dissolved in acetone in a 2-ml Eppendorf tube. This mixture (substrate) was then dried in an Eppendorf Vacufuge plus. To the substrate, 100 l of cell lysate was added, vortexed vigorously for 20 s, and placed on an Eppendorf thermal shaker for 15 min at 300 rpm. Control assays were performed with uninduced E. coli cell pellet lysates. The reaction was stopped by adding 100 l of water and 400 l of acetone. Lipids were extracted by adding 400 l of diethyl ether and 100 l of petroleum ether, vortexed (3 ϫ 10-s period), and centrifuged at 15,000 ϫ g for 1 min. Finally, the resulting organic phase was collected. The extraction was performed twice, and the collected organic phase was dried by Vacufuge. Dried supernatant was redissolved in mobile phase (90:10 hexane:ethyl acetate) and subjected to either HPLC or LC-MS analysis.
HPLC and LC-MS System-HPLC analysis was carried out with an Agilent 1260 Infinity Quaternary HPLC system (Agilent Technologies, Santa Clara, CA) equipped with a pump (G1312C) with an integrated degasser (G1322A), a thermostat column compartment (G1316A), an autosampler (G1329B), a diode array detector (G1315D), and online analysis software (Chemstation). The analyses were carried out at 25°C using a normal phase Zorbax SIL (5 m; 4.6 ϫ 150 mm) column (Agilent Technologies) protected with a guard column with the same stationary phase. Carotenoid and apocarotenoid separation was achieved using an isocratic composition of 70:30 (v/v) hexane:ethyl acetate. For ␤-carotene and xanthophyll separation from animal tissues, a step gradient of 1% ethyl acetate in hexane over 5 min followed by 10 min with 10% ethyl acetate in hexane and then 18 min with 30% ethyl acetate in hexane was used. The flow rate for all systems was 1.4 ml/min. Detection of carotenoids and apocarotenoids was performed at 420-nm wavelength. For LC-MS analyses, the eluate was directed into an LXQ linear ion trap mass spectrometer (Thermo Scientific, Waltham, MA) through an atmospheric pressure chemical ionization source working in the positive mode. To ensure optimal sensitivity, the instrument was tuned with zeaxanthin as well as apocarotenoids. Identification of BCO2 cleavage products was based on retention time, mass, and spectral characteristics compared with those of a known standard, 10Ј-␤-apocarotenal (BASF, Ludwigshafen, Germany), and previously published reports (21, 22) . , and Bco1 Ϫ/Ϫ /Bco2 Ϫ/Ϫ double knock-out (DKO) mice with a C56/BL6; 129Sv mixed genetic background. Feeding experiments were performed as described previously (23) . In all experiments, mice were maintained at 24°C in a 12:12-h light-dark cycle and had free access to food and water. During the breeding and weaning periods (up to 5 weeks of age), mice were maintained on breeder chow containing ϳ29,000 IU vitamin A/kg of diet (Prolab RMH 3000, LabDiet, St. Louis, MO). After 5 weeks of age, mice were fed with an experimental diet containing a mixture of ␤-carotene and zeaxanthin (25 and 75 mg/kg of diet for each carotenoid, respectively) for 10 weeks. The diet contained no other source of vitamin A except for ␤-carotene. After 10 weeks of dietary intervention, mice were fasted overnight and anesthetized by intraperitoneal injection of a mixture containing 15 mg of ketamine, 3 mg of xylazine, 0.5 mg of acepromazine, and sterile water or saline at a dose of 0.2 ml/25 g of mouse body weight. Blood was drawn directly from the heart by cardiac puncture under deep anesthesia. Mice were then perfused with 20 ml of PBS, pH 7.3 and killed by cervical dislocation for further tissue collection.
Extraction of Carotenoids from Animal
Tissues-Carotenoids were extracted from tissues of mice (n ϭ 5 per genotype and diet) under a dim red safety light (600 nm) and quantified by HPLC as described previously (23) . 100 l of serum in 200 l of PBS or one whole eye homogenized in 200 l of PBS and 100 l of hydroxylamine was extracted using 300 l of methanol, 600 l of acetone, 300 l of diethyl ether, and 400 l of hexane. The organic phase was removed, and the extraction was repeated with an additional 500 l of hexanes. After centrifugation, organic layers were collected, pooled, dried in a Vacufuge at 30°C, and redissolved in HPLC mobile phase solvent. For saponification, gonadal white adipose tissues were homogenized in 200 l of 30% KOH in water and then incubated with 100 l of 12% pyrogallol (Sigma-Aldrich) in ethanol and 1 ml of ethanol for 1 h at 60°C. After saponification, 2 ml of ethanol and 2 ml of H 2 O were added, and samples were extracted twice with 3 ml of diethyl ether:hexane (2:1; stabilized with 1% ethanol). The organic layers were collected, pooled, and evaporated in a Vacufuge until nearly dry. The second extraction solution was then added to the nearly dry solution. The extraction solution was composed of 200 l of water, 200 l of methanol, 400 l of acetone, 250 l of diethyl ether, and 400 l of hexane. The organic phase was then removed, and the extraction was repeated with 500 l of hexanes. After centrifugation, organic layers were collected, pooled, dried in a Vacufuge at 30°C, and redissolved in corresponding HPLC mobile phase solvent.
Induction of BCO2 and Real Time PCR-HepG2 cells (American Type Culture Collection) were maintained in DMEM with 10% FBS and 10 units/ml penicillin-streptomycin antibiotics at 37°C with 5% CO 2 . Cells were grown in polylysine-treated dishes until 50 -70% confluence. To measure relative BCO2 levels, cells were washed with PBS and then incubated in 5 mM hydrogen peroxide in PBS for 5 min. Then cells were washed in DMEM to remove excess hydrogen peroxide. Cells were then maintained in DMEM and 1 M zeaxanthin, 0.1% dimethyl sulfoxide in DMEM, or 0.5 mM hydrogen peroxide in DMEM for 4 h. Media were then aspirated, and RNA was collected using TRIzol reagent (Life Technologies). RNA was transcribed to cDNA using a High-Capacity RNA-to-cDNA kit (Life Technologies). This cDNA was then used for quantitative real time PCR using TaqMan Gene Expression Master Mix (Life Technologies) and GAPDH (control) and BCO2 probes (Life Technologies) as described previously (13) . Measurements in relative levels of BCO2 mRNA levels were normalized to levels of GAPDH and were taken as biological duplicates and technical quadruplets.
Results

Structural Comparison between Rodent and Primate
BCO2s-Besides BCO2, the human genome encodes two other carotenoid cleavage oxygenase (CCO) family members, RPE65 and BCO1, both of which are critical for human retinoid metabolism (24) . Sequence alignments revealed that the most pronounced difference between human BCO2 and other family members is a long N-terminal leader sequence for mitochondrial import (13) (Fig. 1 ). This N-terminal extension is also present in other primate BCO2s, e.g. the predicted MaBCO2, but is absent in murine BCO2 (MuBCO2) (11, 13) . Pairwise alignment scores performed using ClustalW (25) reveal that the primate BCO2s share a 96% amino acid sequence identity with each other and an 81% amino acid sequence identity with MuBCO2 when excluding the N-terminal leader sequence (Fig.  1) . The primate BCO2s also share an average ϳ42% sequence identity with human RPE65 and ϳ41% sequence identity with human BCO1 (Fig. 1) . Four key histidine residues (RPE65 His 180 , His 241 , His 313 , and His 527 ) responsible for the ligation of an iron cofactor are conserved in all CCOs (Fig. 1) . Excluding the N-terminal extension, the major difference between primate BCO2s and other family members, including rodent BCO2s, is the presence of a four-amino acid-long insertion, 169 GKAA 172 . Recently, it was proposed that this primate-specific insertion is responsible for BCO2 inactivation by sterically interfering with substrate binding.
To investigate the putative structural changes brought on by the absence or presence of these four amino acids, we modeled wild-type and chimeric (with deleted insertion) human and macaque BCO2s as well as MuBCO2 (SWISS-MODEL) using the recently solved crystal structure of enzymatically active bovine RPE65 as template (26) . The electron density maps calculated from this new data set indicate that the region containing the insertion (amino acids 109 -126 of bovine RPE65) adopts an ␣-helical conformation (Fig. 1A) . Upon homology modeling of BCO2 based on this extended template, no marked structural differences between HuBCO2 and MuBCO2, including the region with the GKAA insertion, were observed for the proteins (Fig. 1A) . The predicted basic structural fold was a rigid seven-bladed ␤-propeller covered by a half-dome. A highly conserved structural space in the active site domain near the four conserved histidines (only two are shown in the figure) ligated the iron cofactor. The GKAA extension (green) in HuBCO2 is shown here as a loop that did not significantly change the overall fold of the ␣-helix depicted in red or any of the other features noted here at the opening of the substrate tunnel. As can be seen in our model, this loop was instead localized away from the substrate tunnel and would not pose an obstruction to the substrate entrance of the enzyme as proposed previously (12) .
Notably, the integrity of all these portions of the human enzyme was retained in the chimeric model with the deleted GKAA insertion (HuBCO2 ⌬GKAA ) (Fig. 1B, blue) . Overall, the same observations hold true in the predicted structures of MaBCO2 (Fig. 1C) and the chimeric protein with the deleted GKKA insertion (MaBCO2 ⌬GKAA ) (Fig. 1C ). Slight differences in the positioning of the membrane binding domains became detectable but did not play a role in altering the main structure of the substrate tunnel leading to the active site. The positioning of the GKAA portion for the macaque enzyme differed slightly from the human but did not alter the ␣-helical structure, which corresponded to macaque amino acids 151-168 and 109 -126 for bovine RPE65. Together, modeling of different BCO2s using the novel RPE65 template did not reveal any structural differences that would suggest that the presence of the GKAA insertion in primate BCO2s causes an inactivation of the enzymes. Homology models for RPE65 and MaBCO2 have been deposited as supplemental Data 1 and 2, respectively. OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41
BCO2 and Xanthophylls
Effect of Detergents on Enzyme Activity-We and others showed that the assay conditions significantly influence the activity of RPE65 and BCO1 (19, 27, 28) . Therefore we turned our attention to improve the fundamental enzyme activity assay for recombinant BCO2 expressed in an E. coli system. To do so, we focused on recombinant MuBCO2, which previously showed convincing turnover of carotenoid substrates in such tests (11) . Here, we were able to recapitulate similar results under the previously established conditions as noted in Fig. 2 . It has been our experience that the activity of CCO greatly relies on the manner in which the enzyme is solubilized and how substrate is delivered to the enzyme. For this purpose, CCOs are solubilized during cell lysis with detergent and carotenoids delivered to the enzyme via detergent micelles (18, 29, 30) . Predominantly, we have used ␤-D-1-thioglucopyranoside for this multiple task as the use of other detergents has been shown to cause a decrease in enzymatic activity (27, 28) . We wondered whether an alternate detergent would improve MuBCO2 activity. A screen of several detergents showed a decrease in enzyme activity (Fig. 2B, inset) , but the use of one detergent, DMN, resulted in a 4-fold increased production of the cleavage product, 3-hydroxy-␤-10Ј-apocarotenal (10Apo), from zeaxanthin cleavage (Fig. 2B, dashed trace) . Conversely, the substrate level strongly decreased when the enzyme was assayed in this manner. Thus, the use of the detergent DMN to solubilize protein and create substrate delivery micelles significantly increased the enzymatic activity of recombinant MuBCO2.
Biochemical Characterization of Macaque BCO2-Most recently (13), our laboratory provided evidence of an active, recombinantly expressed HuBCO2 in ␤-carotene-producing E. coli (18) . Albeit the experimental conditions resulted in very modest turnover of this enzyme requiring mass spectrometry for detection of the ␤-10Ј-apocarotenal product, it did provide proof of the activity of the human enzyme. However, our attempts to assay recombinant HuBCO2 or other primate BCO2 proteins in cell-free systems have failed thus far. Successful expression of active recombinant enzymes in E. coli systems must overcome a multitude of hurdles (31) . Perhaps the greatest obstacle has been the production of soluble, hence functional, proteins and the avoidance of the formation of insoluble FIGURE 1. Sequence and structure homology of CCOs. Top, alignment of bovine RPE65, human BCO1, human BCO2, macaque BCO2, and murine BCO2 is shown. The GKAA primate insertion is boxed in green, membrane binding domains are in magenta, and the previously unresolved amino acid (AA) 109 -121 region is boxed in red. All structures are modeled using bovine RPE65 (tan) as template and are aligned facing into the active site with the Fe 2ϩ iron cofactor denoted as an orange sphere. A comparison of three-dimensional structures of human BCO2 (light blue) and murine BCO2 (yellow) (A), chimeric human BCO2 (blue) (B), and wild-type (light purple) and chimeric (orange) macaque BCO2s (C) is shown. The four-amino acid insertion (GKAA) in primate BCO2s is colored green. The previously unresolved amino acid 109 -126 region is colored red, and the presumed plasma membrane binding sites are highlighted in magenta.
aggregates known as inclusion bodies (32) . We speculated that this problem could explain the lack of activity when trying to characterize enzymatic properties of the HuBCO2 recombinant protein expressed in E. coli. To investigate this possibility, we expressed the human 579-amino acid-long protein variant (579H) in E. coli and found upon centrifugal fractionation and Western blotting analysis that the enzyme was present in the insoluble fraction (Fig. 3A) . The same protocol applied to MuBCO2 revealed that expression of this enzyme produced equal quantities of soluble and insoluble proteins (Fig. 3A) . Enzyme activity assays of the collected insoluble MuBCO2 fraction incubated with substrate failed to produce cleavage products that were detected from the soluble fraction (Fig. 3B, black  trace) . Resuspended insoluble HuBCO2 also failed to cleave zeaxanthin in vitro (Fig. 3B, gray trace) . The production of a significant amount of soluble, functional murine protein and the exclusive production of insoluble HuBCO2 in this E. coli system may explain in part the discrepancy between their reported enzymatic activities (12, 13, 18) . Although refolding procedures of inclusion bodies have been successfully used to study a bacterial CCO (28, 33) , so far our best attempts at refolding HuBCO2 did not produce functional protein. Therefore, we focused our efforts on characterization of MaBCO2 activity.
Previously, we showed that the N-terminal leader sequence of HuBCO2 is removed during mitochondrial import and not required for enzyme activity (13) . To confirm this observation for the macaque enzyme, we expressed the full-length MaBCO2 and an N-terminally truncated MaBCO2 (trMaBCO2) in the human hepatoma cell line HepG2 as C-terminally V5-tagged proteins. Immunostaining and confocal imaging revealed that the MaBCO2 variant was distributed in similar patterns as the mitochondrial marker protein cytochrome c oxidase subunit IV (Fig. 3C) . In contrast, staining for trMaBCO2 did not merge with the mitochondrial marker protein, indicating that the N-terminal leader is mandatory for the import process. Thus, to better mimic the native protein and the murine enzyme, which lacks the N terminus, we expressed MaBCO2 in E. coli without the N-terminal domain. Notably, this truncated enzyme also contained vector-derived fusion tags similar to the previously tested recombinant murine BCO2. To increase its solubility, we additionally expressed trMaBCO2 at low temperature (10°C) for an extended period of 2 days. Western blotting analysis showed that using this technique produced soluble trMaBCO2 protein (Fig. 2A) . Although levels of soluble murine protein were not achieved, our efforts relayed a more promising result than that obtained above with the largely insoluble recombinant HuBCO2.
Having established that the trMaBCO2 enzyme can be expressed in E. coli in a soluble form, we set out to test its enzymatic activity. As a control, we tested MuBCO2 in parallel. To identify trMaBCO2 and MuBCO2 activity, we used an LC-MSbased method that directly detects products of BCO2-catalyzed oxidative cleavage of zeaxanthin. UV-visible HPLC analyses revealed the presence of two distinct products generated by both enzymes, one at retention time ϳ10 min and the second at ϳ15 min (Fig. 4A , left and right, MuBCO2 and trMaBCO2 respectively). Spectral characteristics (Fig. 4B) and retention time analysis indicated that the first product was 10Apo as expected from our initial trials with MuBCO2 (Fig. 2B) . The spectral characteristic of the second product (Fig. 4B) is consistent with that of 3-hydroxy-␤-ionone and was present in both MuBCO2 and trMaBCO2 trials. Mass spectra from extracted ion chromatograms (Fig. 4C) provided further evidence that the peaks at 10 min in the chromatogram can be attributed to 10Apo as the m/z of 393.28 was consistent with the calculated [MH] ϩ ion (Fig. 4C, left, inset) . Extracted ion chromatograms for m/z 209.18 [MH] ϩ (Fig. 4 , D and inset) provided confirmation that the peak at 16 min corresponded to 3-hydroxy-␤-ionone.
We proceeded to investigate the enzyme activity of both MuBCO2 and trMaBCO2 using lutein and meso-zeaxanthin as substrates. We anticipated that cleavage of lutein by BCO2 could produce five distinct products depending on the preference of the enzyme for the ␤-ionone or ⑀-ionone ring (Fig. 5A) . These products could comprise 10Apo, 3-hydroxy-␤-ionone, 3-hydroxy-⑀-10Ј-apocarotenal (⑀-10Apo), 3-hydroxy-⑀-ionone, and rosafluene (not depicted) (Fig. 5A) . The enzymatic assays for both the murine and primate BCO2s produced two detectable products, 10Apo and ⑀-10Apo (Fig. 5B) . The identity of 10Apo was deciphered from retention time and UV/visual spectral characteristics. Although a standard of ⑀-10Apo was not available for comparison, we previously detected this compound via MS analysis (11) . Here, the retention time and the blue shift in the maximum absorbance of the spectrum (Fig. 5C,  left) , indicating a break in the double bond conjugation across the apocarotenoid backbone, are consistent with our previous observations. The production of 10Apo and ⑀-10Apo by MuBCO2 was greater than that of trMaBCO2 by roughly 2.5 times. Both MuBCO2 and trMaBCO2 seem to preferentially cleave lutein on the ⑀-ring side to produce 10Apo as the production of 10Apo was 3 times the production of ⑀-10Apo (Fig.  5B) . Next, incubation of E. coli cell lysate expressing MuBCO2 with meso-zeaxanthin produced one detectable product with our HPLC system. This product as identified by retention time and spectral characteristics was found to be 10Apo (Fig. 6A,  dashed trace) . The same product was observed when trMaBCO2-expressing E. coli lysates were incubated with meso-zeaxanthin (Fig. 6A, gray trace) . With this detection method, it remains unclear as to whether the cleavage of meso-zeaxanthin is preferred on the 3R,3ЈR or 3R,3ЈS side. Under these experimental conditions, the production of 10Apo was 1.5 times greater by MuBCO2 cleavage than that of trMaBCO2. Finally, we attempted to use ␤-cryptoxanthin to determine Michaelis constants and turnover rates for the enzymes (Fig. 6B ). This asymmetric carotenoid is preferentially converted to ␤-10Ј-apocarotenal through removal of 3-hydroxy-␤-ionone. The initial rate of the enzymatic reaction measured at various substrate concentrations was used to assess the apparent K m and V max values. Both the macaque and murine enzymes revealed similar K m values of approximately 42 M (Fig. 6B) . For determining K cat , we purified murine BCO2. We then used known amounts of this protein as a standard to quantify BCO2 amounts in cell lysates by quantitative Western blotting. This analysis revealed that the macaque BCO2 enzyme has a slightly higher turnover rate at 20 min Ϫ1 compared with the murine BCO2 enzyme at 14 min Ϫ1 .
Knock-out of BCO2 Leads to Systemic Tissue Accumulation-
Recently, it has been proposed that inactivity of BCO2 provides a mechanism for the concentration of xanthophylls (1 mM versus 1-6 M in serum and tissues) in the primate retina. This hypothesis was supported by the observation that BCO2-deficient mice display zeaxanthin in the retina, whereas wild-type mice do not despite abundant expression of putative zeaxanthin-and meso-zeaxanthin-binding proteins (12) . To scrutinize this theory, we compared body distribution of zeaxanthin and ␤-carotene in Bco1
, and DKO mice. Mice (n ϭ 5 per genotype) were subjected to feeding with a diet that contained ␤-carotene and zeaxanthin together (25 and 75 mg/kg, respectively). After 10 weeks of intervention, we determined carotenoid levels of serum and peripheral tissues (eyes and gonadal fat) in different mouse genotypes (Fig. 7) . If as proposed by others (12) the BCO2 genotype determines ocular xanthophyll levels, then zeaxanthin but not ␤-carotene should specifically accumulate in the retina. Additionally, zeaxanthin concentration should be much higher in the eyes when compared with serum and other tissues. HPLC analyses revealed that both ␤-carotene and zeaxanthin accumulated in the murine retina, respectively, in a BCO1-and BCO2-dependent manner (Fig. 7,  A and B, far right) . As reported previously (23) , zeaxanthin existed in the form of its oxidized didehydro metabolites and was highest in DKO mice, which display increased intestinal carotenoid absorption (Fig. 7A, far right) . We obtained the same genotype-dependent carotenoid accumulation pattern BCO2 and Xanthophylls OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 when we analyzed gonadal white adipose pads. However, there was a marked difference in carotenoid levels. Although ocular levels were well below serum levels, carotenoids were highly concentrated in white adipocytes over serum (more than 10-fold in DKO mice). Thus, we conclude that adipose tissues concentrate carotenoids under conditions of CCO deficiency.
Human BCO2 Expression Is Oxidative Stress-responsivePreviously, we reported that carotenoid accumulation in cells and tissues can cause oxidative stress (11, 34) . Endogenous BCO2 gene expression or forced expression of BCO2 transgene protects human cells against such insult (11, 34) . Although BCO2 is tissue-specifically expressed in humans (14) , little is known about how the gene is regulated. To investigate this, we used human HepG2 cells. This cell line has been successfully used to study carotenoid and retinoid metabolism in our and other laboratories (11, 13, 35) . In a first set of experiments, we incubated cells in the presence of zeaxanthin dissolved in THF at a final concentration of 1 M. After different time intervals, we harvested cells and isolated RNA for quantitative RT-PCR analyses. These analyses revealed that HuBCO2 expression was time-dependently increased. Thus, as reported previously for mouse liver (11), HuBCO2 mRNA expression was induced by carotenoids in this hepatic cell model (Fig. 8) . We next wondered whether HuBCO2 mRNA expression might be responsive to reactive oxygen species. These damaging compounds are produced when the mitochondrial electron chain is perturbed by carotenoids (11) . We treated HepG2 cells with hydrogen peroxide to mimic this stress and measured HuBCO2 mRNA expression. Quantitative RT-PCR analyses revealed that HuBCO2 mRNA levels increased up to 200-fold in HepG2 cells subjected to hydrogen peroxide treatment (Fig. 8) . Thus, we have provided evidence that HuBCO2 mRNA expression is a regulated process and is responsive to oxidative stress.
Discussion
Absorption of dietary carotenoids and distribution to tissues exemplify the discriminatory nature of carotenoid metabolism. From the large number of dietary carotenoids, just about 10 are present in human plasma (36) , and only two are selectively accumulated in the human retina (2) . The published reports that MPs are inversely associated with the prevalence of agerelated macular degeneration (37, 38) instigated trials seeking to increase their concentration in the human retina (39, 40) . In general, it was reported that a relatively linear increment of xanthophyll serum levels was achieved during supplementation and that eventually these levels reached a plateau. When supplementation was discontinued, a steep decline in serum concentrations was reported with baseline levels ultimately being restored. In response to this supplementation, the macular pigment optical density also increased to varying degrees (41) . If the trend observed in serum were to hold true, then clearance of the MPs until baseline levels were achieved would occur. This indicates a relatively fast clearance of excessive supplemented xanthophyll. Evidence from animal studies demonstrates that BCO1 and BCO2 play a critical role for this process. In humans, mutations in the BCO1 gene cause hyper-␤-carotenemia (42), (12) postulated that accumulation of the human macular pigment is caused by inactivation of BCO2 resulting from the loss of an alternate splice site in the human gene. This hypothesis was based on the observation that xanthophylls are present in the retina of BCO2-deficient but not wild-type mice and on the absence of HuBCO2 enzymatic activity in a zeaxanthin-accumulating E. coli test system. However, this proposal is surprising because the overall sequence and structure of human BCO2 is evolutionarily well conserved. In fact, our previous analysis showed that recombinant HuBCO2 in ␤-carotene-producing E. coli cells was able to produce low amounts of apocarotenoid metabolites (13) . The discrepancy between the outcomes of these studies can possibly be explained by the inherent difficulty in studying this family of enzymes in vitro. We therefore set out to examine the probability that primate enzyme characterization is limited by the current expression methods and enzyme assays. Additionally, in mouse mutants, we analyzed how BCO2 deficiency affected carotenoid homeostasis of the eyes.
An in silico inquiry into the structural models of the murine and primate CCOs did not produce significant differences that indicate that the primate BCO2 enzymes would be rendered inactive. These findings gave credence to our hypothesis that the setback in primate BCO2 characterization lay in the biochemical methodology. The choice of detergents to properly solubilize CCOs in water-based buffers has been shown to be a critical factor as several detergents greatly inhibit CCO activity (27, 28) . A screen of several detergents for MuBCO2 activity identified DMN as an optimal choice in maintaining a functionally, soluble protein. It was not surprising to find that our initial trials of primate protein expression in E. coli produced only insoluble protein as recombinant protein misfolding in bacterial cells seems to be the norm (31) . The expression of many recombinant proteins at lower temperatures has been a successful technique at limiting their in vivo aggregation (43) . Using this technique, we were able to produce soluble trMaBCO2 but not HuBCO2. However, given the high degree of homology between the primate enzymes, MaBCO2 characterization should provide an identical biochemical insight into HuBCO2. Using these newly developed techniques, we were able to assay cleavage of the MPs by trMaBCO2. Determination of apparent K m values with the model substrate ␤-cryptoxanthin revealed comparable values for primate and murine BCO2s. Similarly, the specific turnover rates were roughly 20 and 14 s Ϫ1 for primate and murine BCO2s, respectively. This finding suggests that the enzymes display comparable affinity to this substrate, assuming that Michaelis-Menten kinetics can be applied and the oxidative cleavage is the rate-limiting step of the reaction.
Despite positive associations to the health benefits of antioxidants and blue light filters, carotenoids have been reported to OCTOBER 9, 2015 • VOLUME 290 • NUMBER 41 act as pro-oxidants under high oxygen tension and high concentrations (44) . In acting as reactive oxygen species scavengers, carotenoids undergo oxidation and generate various oxidation products (45, 46) . Carotenoid supplementation studies in humans and monkeys have demonstrated a significant increase of these metabolites, which include didehydro derivatives, in serum and ocular tissues (47, 48) . Because carotenoids are ubiquitous and their amounts can be abundant in food, mechanisms must have evolved that counteract such a scenario. We showed previously in mice and human cell lines that carotenoid homeostasis is tightly regulated. The primary regulation takes place at the level of intestinal absorption via retinoid and intestine specific homeobox signaling (23, 49) . The secondary regulation is performed at the tissue level and involves CCOs. Genetic ablation of these regulatory processes in Bco2 Ϫ/Ϫ and DKO mice fed a combination of zeaxanthin and ␤-carotene resulted in an amassing (including the retina) of zeaxanthin mostly in its didehydro derivative form. If indeed BCO2 inactivation drives specific accumulation of xanthophylls to ocular tissues, then it would be expected that Bco2 Ϫ/Ϫ and DKO mice would have selectively greater -fold increases of zeaxanthin levels in the retina over other tissues as observed in primates. In a study in which macaques were first deprived of xanthophylls and then resupplemented, zeaxanthin accumulated to a 4.6-fold greater level in the retina over serum, whereas in fat, a 2.2-fold increase over that in serum was reported (50) . In primates, the distribution of the MPs within the retina is assumed to undergo an additional selective mechanism due to its ordered dispersion (2, 51) . Also, it would be expected that this accumulation occurs singularly with xanthophylls, but Bco1 Ϫ/Ϫ and DKO mice fed the same combination of zeaxanthin and ␤-carotene diet also amassed ␤-carotene in their retinas. Consequently, we showed that the unregulated intake of carotenoids, carotenes, and xanthophylls alike causes a systemically indiscriminate accumulation of these compounds. We have shown previously in mice that this accumulation can cause oxidative stress in tissue. Similarly, carotenoids and their metabolites, including those derived from zeaxanthin and lutein, can induce oxidative stress (34, 52) . It is not known whether xanthophylls play a role in the mitochondria, but it is clear that mitochondrial BCO2 expression plays a role in their controlled accumulation in this organelle. When we treated hepatic human cells with zeaxanthin, HuBCO2 mRNA expression was significantly induced. Additionally, when these cells were exposed to hydrogen peroxide, a highly reactive oxygen species, HuBCO2 mRNA levels increased up to 200-fold, providing additional evidence that HuBCO2 expression is responsive to oxidative stress. This sophisticated regulation manages the chemistry and biology of compounds that act as anti-and pro-oxidants depending on the subcellular localization and concentration. This finding may provide an explanation for the low carotenoid status of patients affected by chronic disease because they generally are associated with inflammation and oxidative stress.
BCO2 and Xanthophylls
In summary, we provide evidence that primate BCO2s are active enzymes and that they are able to cleave all of the three major macular pigment xanthophylls. Also, further evidence that BCO2 expression is a regulated process controlled in part by induction of oxidative stress within mitochondria is provided. Together, these findings effectively postulate that, although carotenoids play physiologically beneficial roles in human health, their possible excessive accumulation, which has been shown to cause harmful cellular pathologies, is restrained by the actions of BCO2.
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